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Abstract
Different approaches have improved the sensitivity of either electron or nuclear magnetic resonance to the single
spin level. For optical detection it has essentially become routine to observe a single electron spin or nuclear spin.
Typically, the systems in use are carefully designed to allow for single spin detection and manipulation, and of those
systems, diamond spin defects rank very high, being so robust that they can be addressed, read out and coherently
controlled even under ambient conditions and in a versatile set of nanostructures. This renders them as a new type of
sensor, which has been shown to detect single electron and nuclear spins among other quantities like force, pressure
and temperature. Adapting pulse sequences from classic NMR and EPR, and combined with high resolution optical
microscopy, proximity to the target sample and nanoscale size, the diamond sensors have the potential to constitute
a new class of magnetic resonance detectors with single spin sensitivity. As diamond sensors can be operated under
ambient conditions, they offer potential application across a multitude of disciplines. Here we review the different
existing techniques for magnetic resonance, with a focus on diamond defect spin sensors, showing their potential as
versatile sensors for ultra-sensitive magnetic resonance with nanoscale spatial resolution.
© 2016 This manuscript version is made available under the CC-BY-NC-ND 4.0 license.
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1. Introduction
Magnetic resonance, either as electron paramagnetic
resonance (EPR) or as nuclear magnetic resonance
(NMR), is one of the most abundant analytical and
imaging techniques. Because it is sensitive to transitions
between nuclear states, the attainable spectral resolu-
tion is without peer. EPR spectra often show resolution
of hyperfine coupling to nuclei giving access to infor-
mation on chemical composition, electron density and
geometrical structure. NMR, on the other hand, shows
unprecedented chemical specificity through analyzing
chemical shift and J-coupling data. Nevertheless, both
techniques are limited in sensitivity since they mostly
rely on inductive interaction of spins with the detection
device being a pickup coil in the case of NMR setups -
which typically is challenged by thermal noise in the de-
tection signal. More specifically, inductive detection is
well suited to measuring large magnetic moments rather
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than single spins from basic geometric considerations.
The inductive voltage signal through a surface is propor-
tional to the time derivative of the magnetic flux flow-
ing through it. The latter, in turn, is proportional to the
number of magnetic flux lines that pass through a spe-
cific surface. If one considers a sample inside a pick-up
coil then the inductive signal will only be generated by
those field lines closing outside the loop. Given a cer-
tain loop size, the magnitude of the signal will decrease
with shrinking sample size. For a single spin the induc-
tive signal will thus be drastically reduced unless the
loop size is reduced at the same time. Since loop sizes
below a few tens of µs are limited by self-induction, no
single spin detection is feasible with this technique. The
state-of-the-art in sensitivity of NMR with micro coils is
around 1013 spins/
√
Hz [1].
As a result, several methods have been developed, en-
abling the detection of very weak magnetic resonance
signals with the aim of achieving single spin detec-
tion. The three most prominent magnetometry methods,
namely atomic vapor cells, superconducting quantum
interference devices (SQUIDs) and magnetic resonance
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force microscopy (MRFM) will be briefly reviewed be-
low.
Atomic vapor cells are one of the most sensitive detec-
tion methods for magnetic fields, achieving sensitivities
as high as 10−18 T/
√
Hz. This makes them ideal for a
number of applications in NMR detection. The mag-
netic field measurement principle is based on the Fara-
day effect in a vapor of alkali atoms such as K, Rb or
Cs - confined in an optically transparent cell close to
the specimen to be measured. The atoms of the alkali
vapor are optically polarized via a circularly polarized
pump beam. In the presence of the magnetic field to
be measured, generated by, for example, an ensemble
of nuclear spins, the alkali atoms start to precess with
a frequency corresponding to their gyromagnetic ratio.
Using a linearly polarized probe beam, one can detect
an NMR signal via a tilt of the probe beam polariza-
tion. The tilt is based on the Faraday rotation which
is directly proportional to the strength of the external
magnetic field. As a result, vapor cells are quite bulky
in size. In order to maintain appropriate vapor densities
and long T1 times of the alkali spins one has to use va-
por cells in the range of cm3. A sensitivity for proton
spins in a volume of around 1 mm3 was estimated [2] to
be ∼ 1013/√Hz.
SQUIDs comprise a superconducting ring interrupted
by two Josephson junctions, e.g. insulating barriers.
Due to quantum interference only a current which is
periodic in the magnetic flux penetrating the ring can
flow in the ring. In d.c. SQUIDs, a d.c. current is run-
ning through the ring - this generates a voltage drop
across the junction which changes in the presence of the
induced currents. A change in magnetic field, caused
by driving the spin transition of sample spins, can thus
be directly detected electrically. SQUIDs are consid-
ered one of the most sensitive methods for detecting
a magnetic field flux, reaching a noise floor of 0.33
fT/
√
Hz for a loop diameter of a few mm [3]. Because
the SQUID needs to be kept at cryogenic temperatures,
measurements usually take place at low temperature as
well. There are, however, examples for measurements
with samples at room temperature [4], although there
sensitivities usually are not better than standard NMR.
With nanoSQUIDs [5], on the other hand, the projected
electron spin sensitivity reaches unity [6], which could
translate to approximately 103/Hz1/2 for nuclear spins.
One of the most promising methods for magnetic reso-
nance detection at the nanoscale is MRFM. This tech-
nique uses a magnetic tip, attached to a small mechan-
ically resonant cantilever and placed above a spin con-
taining sample. A nearby RF coil generates a resonant
alternating field. The magnetic tip generates a magnetic
field gradient, which extends into the sample volume.
Just like in conventional magnetic resonance imaging
(MRI) the magnetic field gradient encodes spatial infor-
mation in the recorded resonance. To enhance sensi-
tivity, experiments are carried out at cryogenic temper-
atures, at which the thermal fluctuations, especially of
the cantilever, are greatly suppressed. In the presence
of the static magnetic field B0 and the inhomogeneous
magnetic field generated by the magnetic tip, a specif-
ically chosen RF frequency addresses sample spins in-
side a restricted sample volume (resonance slice) meet-
ing the resonance condition. During the experiment the
cantilever is oscillating above the sample while apply-
ing the alternating field. This induces periodic spin flips
inside the sample which in turn exert a magnetic force
onto the magnetic tip - the concomitant slight shift of
the cantilever frequency is then read out. In an inverted
geometry the sample is attached to the tip of the can-
tilever and is scanned across a static magnetic tip. In
that geometry the sample is essentially moved back and
forth through the resonance slice. With this detection
method, sample volumes as small as (4 nm)3 with an ef-
fective number of around 100 nuclear spins have been
detected [7]. MRFMs need to operate at cryogenic tem-
peratures, too.
Technological advances in magnetometry have brought
forth new magnetometers with very high sensitivity,
which makes it possible to measure very small magnetic
fields. On the nanoscale, magnetic fields have dipolar
characteristics as they originate from single electron and
nuclear spins. The strength of these fields scales like
sample-detector distance, 1/r3. As a result, detectors on
the size of the field origin itself, e.g. single atoms, are
best suited to capture single electron and nuclear mag-
netic fields. So far, only miniaturized SQUIDs [6, 8] and
magnetic resonance force microscopes [7] have exhib-
ited few-spin magnetic field sensing with nanoscale res-
olution. Nevertheless, their challenging experimental
requirements, with emphasis on temperature and vac-
uum, calls for novel sensor types.
2. Diamond defect spin sensors
Sensing magnetic field with spins is a prevalent tech-
nique. Sensitive NMR probes to measure fields are
common techniques for a number of applications in-
cluding field stabilization of NMR and EPR spectrom-
eters themselves. Typically, the accuracy reached is in
the order of a few parts per million (ppm) with fields
ranging up to 20 T, i.e. 10 µT/
√
Hz. This is equiva-
lent to the field of a single electron spin at a distance
of 1 µm. Despite their reasonable sensitivity, such spin
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Figure 2: Left: Structure of the NV center in diamond, constituting a substitutional nitrogen (green N) and a nearest-neighbor vacancy (white V).
The other gray atoms represent the carbon in the diamond lattice. Reprinted from Ref. 17. Right: The energy level diagram for the NV center.
The triplet ground state and the excited state are separated by 1.945 eV, which is ∼ 638 nm. At zero magnetic field, the ground state |ms = 0〉 is
separated by 2.87 GHz from the |ms = ±1〉. Off-resonant excitation at 532 nm can result in a spin-conserving radiative decay at 638 nm or through
a inter-system crossing from triplet to singlet resulting in a lower fluorescence rate at 638 nm - depending on the initial ground spin state.
probes are not sensitive enough to measure single elec-
tron spins since their size is on the order of a few cm3.
As a result, spin sensors need to be small without com-
promising their sensitivity for single spin detection. Ul-
timately, such sensors contain a single spin themselves
and can be brought into close proximity to the sample.
The sensitivities of the different techniques presented in
Sec. 1 are plotted in Fig. 2. In the past, several sys-
tems have been identified with the potential of detecting
single spins in solids. Nearly all of those have been ob-
tained via a combination of optical measurement and
spin resonance. Specifically the first such optically de-
tected magnetic resonance experiments were done on
single molecules at low temperature, basically combin-
ing single molecule spectroscopy and electron spin res-
onance [10]. These early experiments relied on the ex-
istence of an excited metastable triplet state, the lifetime
of which depends on the specific spin state. Spin Rabi
oscillations as well as spin coherence was measured
[10, 11, 12] and for the first time ideas of using single
molecules as sensitive and highly local magnetic field
probes were conceived [13]. Yet, as the spin carrying
state is an excited state with limited lifetime, sensitivity
as well as versatility is greatly reduced. Few systems are
known, which have a paramagnetic ground state and at
the same time show strongly allowed optical transitions.
Among those are quantum dots [14] and defect centers
in solids [15, 16]. Certain materials, most notably di-
amond and silicon carbide, combine two outstanding
properties: On the one hand they are wide band-gap
semiconductors (band-gap 5.48 eV for diamond and 3.5
eV for silicon carbide, respectively) and on the other
hand both materials show a very weak spin-orbit cou-
pling. The first property allows single defects to be ad-
dressed optically in convenient wavelength ranges. The
latter ensures long spin relaxation times, a prerequisite
for sensitive detectors. The sensor principle shall be ex-
plained on the nitrogen vacancy (NV) center in diamond
as this is one of the best studied systems. The NV center
is one of the most prominent color centers in diamond.
It comprises a nitrogen substituting a carbon atom and
a nearest neighbor vacancy (see Fig. 2). The electronic
wave function is a linear combination of three electrons
in the carbon dangling p-orbitals, one electron from the
nitrogen lone pair and one electron from donors in the
lattice. The electronic ground state of the defect is an
electron spin triplet (S = 1). Optical excitation of the
defect commences to a spin triplet state as well with
optical transitions conserving spin orientation to first or-
der. Most importantly, however, the defect shows strong
spin polarization upon optical illumination. This comes
as a result of a metastable electronic state which is ener-
getically positioned between the excited triplet state and
the ground state. Instead of relaxing to the ground state
the excited electron can relax via this metastable state.
The matrix element for this transition is determined by
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Figure 3: (a) Fluorescence-detected magnetic resonance of a single NV center in diamond. This spectrum was measured at ambient conditions at
zero external magnetic field. Reprinted from Ref. 18; (b) A tapered, nanoengineered diamond waveguide, increasing photon counts from the NV
center fivefold. Reprinted from Ref. 19; (c) Spin-to-charge conversion level diagram scheme. Instead of measuring the spin state of the NV, the
idea here is to transfer it to a charge distribution and then read it out. Blue circles indicate the |ms = 0〉 spin state, pink - |ms = ±1〉. Yellow and red
arrows are orange (594 nm) and red (638 nm) laser excitations, respectively. Taken from Ref. 20; (d) Photon-counting histogram of a fluorescence
time-trace, fitted by two Gaussian distributions. The left peak corresponds to the |−1n〉 nuclear spin state of the 14N nucleus in the NV center, and
the right peak to the |0n〉 , |+1n〉 states. Setting a threshold (red line) enables one to resolve the left state from the right other states. Reprinted from
Ref. 21; (e) The achievable gain in readout fidelity as a function of number of repetitive readouts. The blue line indicates the fidelity achieved by
standard readout. Taken from Ref. 22; (f) Fluorescence time trace showing quantum jumps of a single nuclear spin. When MW pulses (Single-shot
readout with CNOT gates) are on, the signal starts switching between the two states from (a). Reprinted from Ref. 21.
spin-orbit coupling, which is a highly spin-state selec-
tive process. As the lifetime of this state is on the order
of 300 ns, 30 times longer than the lifetime of the ex-
cited singlet state, the resulting fluorescence intensity
is significantly lower. The principle is known as fluo-
rescence detected magnetic resonance and has been ap-
plied to a number of systems in the past, for example or-
ganic molecules. Fig. 3a shows a fluorescence detected
electron spin resonance spectrum of a single NV center.
It is characterized by a field independent transition fre-
quency, the zero field splitting which is a characteristic
of every electron spin system with S ≥ 1. The Hamilto-
nian describing the system is given as
H = S D¯S + gβB0S + S A¯I, (1)
where D¯ is the zero field splitting tensor, B0 is the exter-
nal magnetic field and A¯ is the hyperfine coupling ten-
sor. The resonance signal shows the well-known Zee-
man shift. This is the basis for using the NV as a mag-
netic field sensor - the capability of measuring local
EPR and NMR signals. As with other magnetic field
sensors the sensitivity of this sensor is of prime interest
for the present purpose. This accuracy or sensitivity is
given by η =
pi~
2gµBC
√
T2
[23]. As can be seen from the
equation, η depends on the spin dephasing time T2. For
NV center spins, this dephasing time is limited by hy-
perfine coupling between the electron and nuclear spins
of 13C in the diamond lattice. For a natural concentra-
tion of 13C of 1.1% it is around 0.6 ms [24]. Reducing
13C down to levels below 0.01% has yielded T2 values
4
Figure 1: Nuclear spin sensitivity for different sensing techniques
plotted against their typical sensing volume: microcoil NMR [1],
atomic vapor [2], SQUID [6], MRFM [7] and the NV center in di-
amond [9]. The rectangles serve as guide to the eye, depicting the
space each techniques approximately covers, with the rounds markers
setting the current state-of-the-art of each one.
of up to 2.0 ms [25]. This results in an η of around 4 nT
with typical values forC, the signal to noise ratio for the
NV electron spin detection. This is the magnetic field
of an electron spin at a distance of around 1 µm or of
a nuclear spin at 10 nm. The spin wavefunction of the
defect is almost exclusively localized on the dangling
bonds of the three carbon atoms comprising the defect.
As a result, the defect can be brought close to surfaces
without the wavefunction and the optical- or spin prop-
erties fundamentally compromised. This is the basis for
ultrasensitive measurement of single electron or nuclear
spins using the defect center.
3. Reading out the spin sensor
In most applications the spin defect magnetic reso-
nance is measured by detecting the fluorescence inten-
sity of the defect center. In room temperature appli-
cations, where most recent studies have been concen-
trating their efforts due to its convenient features, the
fluorescence is excited by a 532 nm laser which has
been shown to be optimal for generating fluorescence
of the negative charge state of the defect. The mag-
netic resonance signal of the defect ground state is de-
tected as a change in the fluorescence intensity as al-
ready described in Sec. 2. Typically, this yields a de-
crease of about 30% in fluorescence intensity. Alter-
natively, readout of the spin signal at low temperatures
(T < 10 K) can be done by spin state selective opti-
cal excitation. While low temperature applications of
the defect are currently more exotic, the mechanism
should be described nevertheless as it points to an inter-
esting feature to enhance room-temperature readout: At
low-temperature the optical excitation lines are narrow
enough to address individual spin sublevels separately.
As a result, no microwaves are necessary to measure
Zeeman shifts if the ground and excited states shift dif-
ferently. More importantly, the spin measurement can
now be digitized and converted to a spin state measure-
ment. To understand the difference over a conventional
spin state it is important to consider the following case:
If the time it takes to measure a certain spin quantum
state is smaller than the spin lattice relaxation time one
can determine the spin state in addition to the conven-
tional spin transition frequency. This situation occurs at
low temperature - here the spin lattice relaxation time
of the defect center electron spin approaches seconds.
On the other hand, the fluorescence rate is around 105
photon counts/s. In other words, it is possible to de-
tect 105 photons before a spin flip occurs. One can now
define a threshold for the fluorescence counts to decide
in which spin state it is in. Such an approach is called
single shot readout (SSR) and could considerably en-
hance signal-to-noise in experiments [26]. This quan-
tum logic readout cannot be transferred to room tem-
perature in a straightforward fashion as the spin relax-
ation time is reduced to some ms. As a result, the aver-
age number of photons per spin state is 〈n〉 ∼ 0.1 for
ms = 0 and 〈n〉 ∼ 0.07 for ms = ±1 and the stan-
dard deviation of the two distributions (
√〈n〉 ) of the
two distributions overlap considerably. Consequently,
a state discriminating readout is not possible. Never-
theless, it turns out that this is not the case for nuclear
spin states. For nuclear spins having the proper orien-
tation, i.e. hyperfine coupling with the electron spins,
their spin state is unperturbed for a certain number of
readout cycles, M. Therefore, single shot readout be-
comes feasible (see Fig. 3b-d). Through a sequence
of quantum gates, the electronic spin state α |0〉 + β |1〉
(which contains information about the external mag-
netic field) can be correlated with the nuclear spin, re-
sulting in the entangled state α |0 ↓〉+β |1 ↑〉. Here |↓〉,|↑〉
denote the nuclear spin quantum states. An optical mea-
surement then projects the state into either |0 ↓〉 or |1 ↑〉
and repolarizes the electron spin to |0〉. Even when the
electron spin is reset, the nuclear spin retains informa-
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tion about the initial populations1. We can then apply
a controlled-NOT gate (CNOT) to map the state, e.g.
|0 ↓〉 → |0 ↓〉 and |0 ↑〉 → |1 ↑〉 and perform another op-
tical measurement. This process can be repeated mul-
tiple times, thus collecting more information about the
original electronic spin state. These CNOT gates (and
the initial mapping of the electron spin state to the nu-
clear spin state) require a finite time in the measurement
sequence compared to classical measurement schemes,
and so it is worth defining the overall readout noise and
compare it to the single shot readout. In the case of a
classical scheme the overall signal-to-noise-ratio (SNR)
is SNRclassical =
(
N|0〉 − N|1〉) /√N|0〉 + N|1〉 + Nb. Here
N|0〉,|1〉 is the number of photons for the spin being in
spin state ms = 0 or ±1 and Nb is the number of back-
ground fluorescence photons. For single shot readout,
the SNR depends on the fidelity, F , i.e. the ability to
distinguish2 whether the nuclear spin is |↑〉 or |↓〉, such
that SNRSSR =
√
MF p(|↑〉)p(|↓〉)/p(|↑〉), where p(|↑〉)
is the probability to measure the nuclear spin at |↑〉. The
signal improves with the square root of the number of
repetitions,
√
M (see Fig. 3e). Typically, improvements
on the order of a factor of 3-5 can be achieved, and
are highly dependent on the preceding sensing period
and spin-state evolution. Another promising scheme is
to map the NV’s spin state onto a charge distribution,
which is then read out optically [20]. This technique
shows a potential for a threefold reduction in readout
noise (see Fig. 3c for a level diagram sketch of this
method). A further decisive number is the total sig-
nal, i.e. fluorescence intensity N|0〉 or N|1〉 as the noise
scales with
√
N|0〉,|1〉. As a result, in most experiments
great care is taken to collect as many photons as possi-
ble from the NV center. Mainly this is done via excel-
lent (commercial) collection optics and diamond waveg-
uides. Simple examples are tapered diamond rods [19]
at the top of which the defect is situated (see Fig. 3b).
With such structures SNRs for the detection of 1 defect
on the order of 1000 can be achieved with averaging
times of 1 s. Such signal intensities are crucial for the
use of NV centers as detectors as they directly enter into
the sensitivity of the sensor.
1Relatively high magnetic fields (> 0.4T are essential here in order
to have decoupling between the nuclear and the electron spin dynam-
ics.
2A fidelity of 1.0 means that there is a 100% probability to distin-
guish between the two, and so any (realistic) fidelity smaller than 1.0
reduces the SNR.
4. Detecting magnetic fields
Diamond defect centers have been shown to detect a
variety of parameters. These are temperature [27], force
[28] or electric field [29]. The most natural quantity to
detect, however, is magnetic field. As already discussed,
this is done by accurately measuring the Zeeman shift of
the defect electron spins. A limiting parameter is the de-
phasing time of the defect spin T2, which can reach T1,
the latter being on the order of 2-5 ms at (T = 300 K),
depending on the sample’s quality. However, as typical
for most solid state systems, T ∗2 is significantly shorter -
on the order of a few µs to one hundred µs. As a result,
high sensitivities are only achieved when refocussing
pulses or more generally if decoupling sequences are
applied to the sensor spin. These sequences, which re-
semble in many ways classic NMR and EPR ones, limit
the bandwidth of the sensor, rendering it sensitive only
above a certain frequency, which is on the order of a
few kHz. In demonstration of sensitive measurements
of magnetic fields (and this is the case for all sens-
ing applications) a decoupling sequence is run on the
NV spin while the field to be measured is modulated
in synchrony with a fixed phase to the sequence. Us-
ing this technique, sensitivities as high as 0.9 pT/
√
Hz
have been achieved with ensembles of around 1011 de-
fects with measuring fields as small as 100 fT [30]. The
same techniques, enabling the detection of weak mag-
netic fields, are also used to detect single electron or nu-
clear spins. At this nanoscale regime, statistical polar-
ization3 can overcome the thermal, or Boltzmann polar-
ization. This happens when V < (µB/kBT )−2 ρ−1N , where
µ is the spin’s magnetic moment, B is the magnetic field
and ρN is the spin number density [31]. There are differ-
ent ways to a analyze those measurements, depending
on whether the external field modulation (i.e. the sam-
ple spins’ magnetic field) occurs in a phase coherent,
that is, controlled way, or if the modulation is a random
process, i.e. resembling a classical noise source. Since
current applications mostly focus on room temperature
sensing, the latter approach should be highlighted first.
The fluctuation of spins is most conveniently described
as classical magnetic field noise, which reduces the de-
fect center’s (sensor) spin coherence. In a semi-classical
approach this is described as the average over a ran-
domly fluctuating phase ϕ,
C(t) =
〈
eiϕ(t)
〉
= eχ(t). (2)
3The difference in numbers between spin-up and spin down. This
difference fluctuates according to random flips of the spins
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Figure 4: Detecting magnetic fields at a wide frequency range: (a) The spectral sensitivity F(ω) for different magnetic field sensing filter schemes
using the NV center in diamond: T1 relaxometry (red), T2 dephasing or Hahn Echo (blue) and ODMR spectroscopy (green). The dashed lines
are overlays of the spectral density function, S (ω), of ferritin molecules; (b) Fluorescence image of a slice of HeLa cell (150 nm), in which its
membrane was labeled with biotin-poly-L-lysine-Gd3+-DTPA-Alexa532; (c) Magnetic imaging (T1-relaxation) performed simultaneously with (b),
giving evidence for the presence of Gd3+ at the membrane of the cell; (d) Effect of different electron spin species on the relaxation time, T1, of an
ensemble of NVs. The largest effect is from Gd3+ spins; (e) Effect of surface spins on the dephasing time, T2, of a single NV - the dephasing is
much faster when the scanning NV is in contact with the surface. Sources: (a): Ref. 34, (b)-(d): Ref. 35, (e): Ref. 36.
Here χ(t) =
∫
dω
[
S (ω)
ω2
]
F(ω; t) with S (ω) being the
noise power spectral density of the magnetic field fluc-
tuations and F(ω; t) being the filter function of the ap-
plied pulse sequence. F(ω; t) relates to the pulse se-
quence by a Fourier transformation. At the NV tran-
sition itself one can employ a spin relaxation measure-
ment with an effective narrow Lorentzian F(ω) around
the transition frequency. A two-pulse echo sequence
(Hahn Echo), on the other hand, has an F(ω) with a
rather large bandwidth whereas multipulse sequences
like CPMG [32] or more robust sequences like XY8
[33] have a narrower one and as a result are more suited
to reject a wider noise bandwidth. A key feature is that
the maximum has an amplitude which scales with N2
when N is the number of pulses, whereas the width of
the transmission peaks scales as ∼ t2, when t is given by
ωt = (2k−1)Npi, where k is the kth pulse out of N pulses
in total. By changing the pulse spacing, i.e. changing
the number of pulses N for a given t, one can scan the
whole noise spectrum and single out a specific compo-
nent. This is the basis of one of the techniques used to
measure NMR signals with the NV center (see Sec. 6).
Fig. 4a shows a schematic representation of different fil-
ter functions used by the NV center in diamond to de-
tect magnetic fields at several frequency regimes. For
each scheme, representative measurements are shown
(Figs. 4b-e).
5. Detecting electron spins
Initial experiments to detect spins with the NV center
have concentrated on detecting electron spins. Though
electron spins have a large magnetic moment and can
be sensed by the NV center at more than 10 nm dis-
tance, their detection by the NV center has remained
elusive for quite some time. Mostly this is due to the
presence of a wealth of electron spins on the surface of
the diamond which themselves contribute to the signal.
In preliminary experiments, dipolar coupling between
the NV and unknown paramagnetic species on the di-
amond surface was detected [37]. Shallow NVs with
distances between 3 and 10 nm below a diamond sur-
face were used to detect electron spins on the surface.
The surface was silanized and 4-Maleimido-(2,2,6,6-
Tetramethylpiperidin-1-yl)oxyl (TEMPO) radicals were
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attached to it. A standard double electron-electron res-
onance (DEER) sequence was used to identify coupling
with a single electron spin - a coupling strength of 600
kHz corresponding to a distance of 3.5 nm. In a more
systematic study double resonance studies with the de-
tection of 2,2-diphenyl-1-picrylhydrazyl (DPPH) elec-
tron spins have been carried out. As in the first case, a
DEER sequence was used to detect ensembles of elec-
tron spins on the diamond surface using a single NV
spin roughly 15 nm below the surface [38]. A whole
set of intriguing imaging experiments of small ensem-
bles or single electron spin using single NV centers have
been carried out since then: Coupling to a single defect
spin within diamond was detected [39] and the distance
as well as relative orientation was measured precisely
[40]. While there are cumulative examples for detecting
electron spins inside and on the diamond surface, the
detection of electron spins in samples outside the dia-
mond has been relatively scarce so far. The main rea-
son is that there is a sizeable density of electron spins
around the NV center itself and specifically on the sur-
face (0.5/nm2) which easily masks the electron spins in
the sample to be detected.
Recently, the DEER spectrum of a nitroxide spin la-
bel attached to a single MAD2 protein was measured by
a single NV center implanted approximately 5 nm be-
low the surface of the diamond [41]. The spectra, shown
in Fig. 5, exhibit three distinct peaks, which are a mark
of the spin label’s 14N nuclear spin (I = 1) hyperfine
interaction with its electron spin (S = 12 ). This is in fact
the first work, which shows the actual sensing of a sin-
gle electron spin in a biomolecule by the NV center in
diamond with a unique spectral signature.
6. Detecting nuclear spins
While sensing few electron spins has been already
presented in recent works, the detection of nuclear spins
has been mostly limited to an ensemble of approxi-
mately 100 nuclei of the same type [42], mainly due
to the difference between the electron’s and the nu-
cleus’s gyromagnetic ratio, which determines the cou-
pling strength between the NV’s electron spin and the
target spin. To increase this coupling, two routes have
been pursued: (a) Attempting to have the NV as shal-
low as possible, i.e. as close as possible to the external
target spin, and (b) increasing the NV’s magnetic field
sensitivity. Typically, all proof-of-concept experiments
with NVs for the detection of nuclei were performed
on the diamond host matrix’s 13C (S = 12 ), which have
a natural abundance of 1.1% in diamond. These have
the convenience of being as close as one could possi-
bly have a nucleus to the NV. Indeed, several standard-
setting examples have exhibited the detection and co-
herent manipulation [43, 44, 45] of carbon nuclei in dia-
mond. In these experiments, a Hahn echo pulse scheme
was used to decouple the NV from noise other than the
target nuclei spin species. As already stated in Sec. 4,
when using more advanced dynamic decoupling pulse
sequences or by actively flipping the nuclear spin us-
ing an RF pulse, this aforementioned filter function can
be narrowed down in frequency, thus making it possible
to distinguish between different nuclear species. Two
seminal works used such pulse sequences to detect the
signal from a proton ensemble in immersion oil [46]
and poly-methyl-methyl-acrylate (PMMA) [47]. Fig. 6
shows a proton signal from these measurements. In both
cases, the NV was located only several nm below the
surface of the diamond, d, and correspondingly the rele-
vant sensing volume from which 70% of the nuclei were
contributing signal was d3. For such small volumes, the
number of nuclei having a magnetic field effect on the
NV is on the order of N = 104. Although the mean mag-
netization of these spins would be zero, there would be
a significant fraction,
√
N = 102, which would be sta-
tistically polarized along a random direction [31]. In
the case of the first method of actively driving the nu-
clear spins [48, 47], this fraction of statistical polariza-
tion results in the NV being coupled to the longitudinal
magnetization of the nuclei, 〈Mz〉. Conversely, in the
case of passively sensing the nuclei’s Larmor preces-
sion [33, 46], the NV is sensitive to the transverse mag-
netization, which is being the generator of the signal,
with Bz = B
(
〈Mx〉, 〈My〉
)
cos (2pit/τL + φ), where τL is
the Larmor period of the nuclei. Nevertheless, the lat-
ter techniques still suffer from a relatively broad band-
width of several kHz4, which, as was clearly pointed
out [49], can lead to inconclusive determination of the
nucleus’s identity. One of the limitations of these dy-
namic decoupling (DD) schemes is the dependence on
the NV spin’s decoherence time, T2. This prevents the
use of long waiting times, t, between adjacent pi-pulses,
which in turn limits the maximum number of pulses.
Yet another hardware limitation is the ability to pro-
duce ever shorter pulses (for achieving the same pi flip
of the NV but in a shorter time, one needs to increase
4This is highly dependent on the distance of the NV center from
the surface of the diamond. “Deep” NVs offer a long coherence time
and a high-order dynamic decoupling sequence can be used, but of
course they are not as practical for NMR purposes. “Shallow” NVs,
i.e. ones which are a few nanometers below the surface, have a shorter
coherence time, and as stated above, a linewidth of a few kHz using
dynamic decoupling schemes.
8
Figure 5: Left: The spin label is a cysteine-MTSSL on a monomer mitotic arrest deficient-2 (MAD2) protein, located on the surface of the diamond,
near an implanted NV center. Right: Single spin EPR spectra under ambient conditions. The origin of the three peaks is the nitroxide’s spin label
hyperfine coupling to its 14N nucleus (I = 1). The spectrum disappears after removing the protein by acid cleaning. Reprinted from Ref. 41.
the power of microwave power, or transverse magnetic
field). Nevertheless, with the application of repetitive
readout [50] and the use of highly-purified materials,
it is now also possible to detect nuclei from a single
protein [22]. This calls, then, for yet more complex
or sophisticated schemes, which overcome or avoid al-
together these barriers. One of the most fundamental
building blocks in this respect is spin-correlation spec-
troscopy, in which two DD pulse sequences are spaced
apart by a free-evolution time, TC . In each of the DD
blocks, the NV acquires a phase, ϕ1 and ϕ2, and then for
different TC , the correlation between these two phases,
(〈sin (ϕ1) sin (ϕ2)〉, is in effect measured. If TC is a mul-
tiple of the target nucleus Larmor period, the phases
measured in each of the DD blocks will be the same,
which is essentially a positive correlation. In the other
extreme case, wherein TC’s length is longer by one
target nuclear spin half Larmor period, the phases are
opposite and the correlation would be negative. This
would lead to a periodic oscillation, limited by the NV’s
relaxation time, T1, with possible decay due to inter-
actions of the nuclei with neighboring nuclei or with
surface dipoles [51]. A display of this technique has
been initially demonstrated on 13C spins [45] and 1H
spins [52], and more recently as a tool to probe molec-
ular dynamics [51] (see Fig. 7d) and achieve chemical
contrast, and nuclei hyperfine couplings [53]. Spin cor-
relation spectroscopy thereby overcomes the T2 limita-
tion, and as stated above, bounded only by the NV’s
own spin relaxation time, T1. The NV’s spin correla-
tion spectroscopy enables measurement schemes which
are very similar to conventional two-dimensional NMR,
whether homonuclear or heteronuclear [54]. A striking
example is shown in Figs. 7a-c. In this experiment, the
authors used a spin-correlation spectroscopy sequence,
which consists of two components, one to probe the nat-
ural Larmor frequency of the nuclei plus its parallel hy-
perfine coupling to the NV center, ωL + a‖, while the
other probes the perpendicular hyperfine coupling to the
NV, a⊥. Similar to conventional 2D-NMR, the different
pixels in the image are the result of running the mea-
surement for different pulse sequences during the free
evolution time, while keeping the DD blocks fixed. As
one moves from a large spin ensemble to the statistical
polarization regime, one is approaching the single spin
NMR limit, where the strong-coupling regime persists.
Here the coupling between the sensor and the target nu-
cleus is larger than that between neighboring target nu-
clear spins. In this regime, which is also beyond the sta-
tistical polarization limit, the signal is now proportional
to the number of individual spins (see Fig. 7e), and one
can then experimentally measure the signal dependence
on the distance between the sensor and the target spin,
verifying the strong-coupling nature of the interaction
[55]. This leads us, then, to a point where we can fi-
nally outline a comparison between conventional NMR,
the three alternative techniques introduced in Sec. 1, and
the NV center in diamond. We summarize the five dif-
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Figure 6: First demonstration of nanoscale 1H-NMR detection. (a) 13C signal from the nuclei inside the diamond (yellow) and 1H signal from
microscopy immersion oil. Taken from Ref. 46; (b) Right: 1H signal from PMMA. The peak position shifts with magnetic field. Taken from
Ref. 47; (c) Numerical simulation of the detection volume in (a) - a three-dimensional visualization of the 104 closest protons, generating 70% of
the signal (shown as spheres). The color signifies the magnetic field the protons contribute to the signal, with red = 4 nT and blue = 1.5 nT.
ferent techniques in Table 1, citing their sensing volume
and nuclear spin sensitivity.
This already puts the NV center in diamond in the
forefront of single nuclear spin sensing. As we will
show in Sec. 8, there is still substantial room for im-
provement.
7. Nano Magnetic Resonance Imaging
Magnetic resonance using single defects in diamonds
achieves its most illustrious aspect on the one hand and
most practical one on the other hand, when using it for
imaging. In a pioneering work, a single NV center has
been used to image a single NV center’s electron spin.
The experiment used an NV spin on a scanning nanopil-
lar cantilever as a magnetometer with a d.c. sensitiv-
ity of around 2 µT/Hz1/2 and an a.c. sensitivity of 56
nT/Hz1/2 down to 18 nT/Hz1/2. Such a sensitivity is suf-
ficient to detect a single NV electron spin at a distance
of around 50 nm, which corresponds to a magnetic field
of roughly 10 nT. To achieve such sensitivity a robust
dynamic decoupling sequence (XY8) was applied to the
sensor NV spin. In synchrony with the pi pulses of this
sequence the sample NV spin was inverted - and indeed,
a single NV spin at a vertical distance of around 50 nm
was detected and imaged. In the demonstrated mag-
netic field imaging, single spin measurements with a
signal-to-noise ratio of one could be acquired in around
2 min [57]. The data shown in Fig. 8 have been av-
eraged for 40 min per point, yielding an SNR of 4,
which is a 15-fold reduction as compared to MRFM
measurements reporting single electron spin imaging.
Similarly, single and multiple dark electron spins within
diamond have been imaged by the scanning field gradi-
ent method. More specifically DEER has been used to
address g = 2 electron spins at or very close to the sur-
face of diamond. Using scanning tips with field gradi-
ents between 2.4 and 12 G/nm the authors were able to
demonstrate that the dark spins are located around 10-14
nm separated from the NV center [40], with a coupling
strength of approximately 100 kHz. Moreover, the de-
tection of different species of nuclei (other than just 13C
and 1H) was presented in a (now) standard spectrome-
try measurement [58] and more remarkably in scanning
probe microscopy of a Teflon sample above a stationary
NV center [59]. These two last works, together with an-
other scanning probe proof-of-principle demonstration
of nuclear spin scanning probe microscopy [60] have fi-
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Figure 7: Two-dimensional homonuclear (13C) NMR spectrum, measured by spin-correlation spectroscopy with an NV center in diamond. The
image shows the 2D-FFT of the acquired data. f1 is the nucleus’s bare Larmor frequency plus its parallel hyperfine coupling to the NV, while f2
is its perpendicular hyperfine coupling to the NV. (a) experiment and; (b) simulation; (c) The pulse sequence used to measure (a) and simulate (b).
Reproduced from Ref. 53; (d) Correlation spectroscopy signals from three different samples, exhibiting different diffusion times (correlation time).
Taken from Ref. 51; (e) Sensing nuclear spins in the strong-coupling regime, where the signal is proportional to the number of spins. The countour
lines represent the effective magnetic field from the NV (red) felt by the target 29Si nuclei (green) due to hyperfine interaction. Reproduced from
Ref. 55.
nally demonstrated the true power of the NV center in
diamond as a local sensor for NMR. In Fig. 9, two com-
pletely different methods of using defects in diamonds
to provide magnetic resonance imaging are displayed.
Figs. 9a and b show MRI imaging using an ensemble of
NVs in a widefield magnetometer setup, while Figs. 9c
and d provide the first experimental proof-of-principle
of a scanning, nanoscale, NV-based MRI probe. In both
cases the nucleus used was fluorine.
8. Prospects and outlook
With its point-like size, proximity and operation at
room temperature, the current state-of-the-art for the
NV center in diamond has now finally reached the stage
where it is possible to detect single electron spins from
an external target sample. The detection of single nu-
clear spins [55, 9] seems to be on the brink of ac-
complishment. With those two seminal milestones be-
ing achieved, this certainly enables the application of
single-spin ESR and NMR detection to systems ranging
from molecules to high-TC superconductors. There is
a constant drive to further push the limits of sensitivity
and also the spectral resolution. Here we discuss several
of those efforts.
8.1. High resolution NMR and QIP
Since the NV center in diamond is a true single
two-level system (under a finite magnetic field which
separates the degeneracy between the |ms = 1〉 and the
|ms = −1〉 states), all quantum-information-processing
(QIP) protocols can be applied to it in an almost
straight-forward way. For a two-level system5, the limit
to spectral linewidth, ∆ν, lies with two parameters: The
driving power, which in our case is the Rabi frequency,
Ω, and the typical relaxation time of the system, or
5This is a general result for a simple, ideal two-level system evolv-
ing under H = ~
(
0 12 Ω(t)
1
2 Ω(t) ∆ − 12 iΓ
)
, where ∆ is the detuning from
resonance
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Table 1: Comparison of different nuclear spin sensing techniques, from the conventional (microcoil) NMR through atomic vapor, SQUIDs, MRFM
and finally the projected sensitivity of the NV center in diamond.
Technique Sensing volume Sensitivity [spin/Hz1/2] Reference
Conv. NMR 40 µm3 4.9 · 1013 [1]
Atomic vapor1 1 mm3 7 · 1013 [2]
SQUID2 2100 nm2 700 [56, 6]
MRFM 64 nm3 100 [7]
NV3 1 nm3 1 [55, 9]
1 SNR 1
2 In SQUIDs typically the flux sensitivity, Φn, is in units of quantized flux, i.e. Φ0/Hz1/2,
where Φ0 = h/2e ≈ 2.07 · 10−15 T ·m2. The projected electron spin sensitivity is given by
S n = (R/re)Φn, where R is the SQUID loop radius and re is the classical electron radius.
Here we project to nuclear spin sensitivity by multiplying by the ratio of µn/µB ≈ 1835.
3 Not per
√
Hz strictly speaking. The key point here is the volume and the ability to
confirm sensing of a single spin. See also Sec. 8.4.
1/Γ = T1, such that
∆ν
ν
∝ 1
Ω · T1
This immediately warrants the use of different schemes
to increase both the coherence time, by adapting, for ex-
ample, quantum error correction protocols [61], quan-
tum Fourier transform and quantum memory for storing
the state of the electron spin ([45, 62, 63] and also to
go beyond the limitation of the NV’s T1 relaxation time
and achieve, as a result, record spectral resolution.
8.2. Chemical shifts
One of applicative uses of NMR is to detect the
chemical shifts from the Larmor frequency due to intra-
molecular bonds and structure. These shifts are mea-
sured in ppm - for the same type of nucleus, the shift
can range from a few to several tens of ppm. Two
very recent works [63, 64] have reported a linewidth
of 16 Hz and 39 Hz, respectably. The former was at-
tained at a magnetic field of 1.5 Tesla for 13C nuclei
(ωL = 16.04 MHz), which is effectively a resolution
of less than 2 ppm. Apart from the intrinsic 13C nu-
clei in the diamond lattice, an oil containing perfluo-
ropolyether (PFPE) molecules was cast on the surface
of the diamond, and the 19F shift was determined to be
8 kHz ± 3.9 kHz, in line with the literature value of 10
kHz. Both approaches use the NV’s nitrogen nucleus as
quantum memory for storing the amplitude and phase of
the NV’s electron spin, which enable a longer free evo-
lution time for sensing nuclei in the target sample. Their
advantage over the lock-in scheme [46] or the active-RF
scheme [47] is that the NV is not in a superposition of
|0〉 and |1〉 spin states, but rather at the |0〉 state, such that
it is not sensitive to hyperfine interactions with nearby
nuclei. In addition, the RF pulses which are used in that
scheme are performed, once again, when the NV is in its
|0〉 state. Such linewidths already approach or are on the
same level as the capabilities of commercial NMR ma-
chines, with the distinct feature, of course, of detecting
a very small number of nuclear spins.
8.3. The search for equivalent defects - SiC
As stated above, The NV center in diamond is not
the only defect which is useful for magnetic resonance
detection. The five criteria, as they were well devised
in Ref. 65, pose strict requirements on possible candi-
dates: (1) a paramagnetic and long-lived bound state
with an energy splitting between two sublevels of its
spin states; (2) an optical pump cycle that polarizes the
system; (3) spin-state dependent fluorescence; (4) opti-
cal transitions that do not interfere with the host mate-
rial’s electronic states; and (5) the energy difference be-
tween bound states should be larger than the thermal ex-
citation. There are also some ideal requirements for the
host material, chief among them is the wide band-gap.
One of the most promising candidates, which fulfils
these criteria is the silicon-vacancy in silicon-carbide
(4H-SiC) [66, 67]. are showing promising properties
for sensing applications.
8.4. Single nuclear spin detection
For the unambiguous detection of an individual nu-
clear spin, it is necessary to enter the regime where the
interaction of said spin with the sensor (in our case the
NV center in diamond) is stronger than its interaction
with the surrounding spin bath. This can be defined as
strong coupling [55]. A clear illustration of the different
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Figure 8: Magnetic field image of a target NV spin near the surface of a diamond mesa, acquired with a scanning NV magnetometer. While
repeatedly running an a.c. magnetometry pulse sequence (here with a 32-pulse XY8 sequence, with 40 µs of total evolution time), the sensor NV
is laterally scanned over the target, and the fluorescence rates for the target spin starting in the |0〉 state as well as the |−1〉 state are independently
recorded. Plotted is the difference between these measurements, which depends only on the sensor NVs magnetic interaction with the target spin
and not on background fluorescence variations. The pronounced drop in fluorescence near the centre of the image indicates a detected single
electron spin. Reprinted from Ref. 57.
coupling regimes has already been shown in Figs. 7e-h.
As opposed to the weak-coupling regime, where the sig-
nal is in fact magnetic noise from nearby nuclei, in the
strong-coupling regime, we would be measuring a sig-
nal proportional to the number of detected spins. More-
over, when detecting an external nuclear spin with the
NV’s electron spin, it is possible to verify whether it is
a single spin or not by looking for a coherent joint rota-
tion due to entanglement between the two [44, 68]. The
combination of working in the strong-coupling regime
by, for example, diluting the spin sample to such an ex-
tent that the interaction with the NV is stronger than
that with neighboring nuclei, with coherent joint rota-
tion type measurement gives, then, the condition and
method to use single defects in diamond to detect and
coherently interact with single nuclear spins.
Acknowledgements
We would like to thank Matthias Pfender, Nabeel
Aslam, Sebastian Zaiser, Thomas Ha¨berle and Dominik
Schmid-Lorch for critical and fruitful discussions and
Durga Dasari Bhaktavatsala Rao for proof-reading the
manuscript. This work was partially funded by DARPA
(QuASAR) and the EU (DIADEMS). A. F. acknowl-
edges financial support from the Alexander von Hum-
boldt Foundation.
References
[1] L. Ciobanu, D. Seeber, C. Pennington, 3D MR microscopy with
resolution 3.7 µm by 3.3 µm by 3.3 µm, J. Magn. Reson. 158
(2002) 178–182. doi:10.1016/S1090-7807(02)00071-X.
[2] M. P. Ledbetter, I. M. Savukov, D. Budker, V. Shah, S. Knappe,
J. Kitching, D. J. Michalak, S. Xu, A. Pines, Zero-field remote
detection of NMR with a microfabricated atomic magnetometer,
Proc. Natl. Acad. Sci. 105 (2008) 2286–2290. doi:10.1073/
pnas.0711505105.
[3] M. Schmelz, R. Stolz, V. Zakosarenko, T. Scho¨nau, S. Anders,
L. Fritzsch, M. Mu¨ck, H.-G. Meyer, Field-stable SQUID magne-
tometer with sub-fT/Hz1/2 resolution based on sub-micrometer
cross-type Josephson tunnel junctions, Supercond. Sci. Tech. 24
(2011) 065009. doi:10.1088/0953-2048/24/6/065009.
[4] R. McDermott, S. Lee, B. ten Haken, A. H. Trabesinger,
A. Pines, J. Clarke, Microtesla MRI with a superconducting
quantum interference device, Proc. Natl. Acad. Sci. 101 (2004)
7857–7861. doi:10.1073/pnas.0402382101.
[5] A. Finkler, Y. Segev, Y. Myasoedov, M. L. Rappaport,
L. Ne’eman, D. Vasyukov, E. Zeldov, M. E. Huber, J. Martin,
A. Yacoby, Self-aligned nanoscale SQUID on a tip, Nano Lett.
10 (2010) 1046–1049. doi:10.1021/nl100009r.
[6] D. Vasyukov, Y. Anahory, L. Embon, D. Halbertal, J. Cuppens,
L. Neeman, A. Finkler, Y. Segev, Y. Myasoedov, M. L. Rap-
paport, M. E. Huber, E. Zeldov, A scanning superconducting
quantum interference device with single electron spin sensitiv-
ity, Nat. Nanotech. 8 (2013) 639–644. doi:10.1038/nnano.
2013.169.
[7] C. L. Degen, M. Poggio, H. J. Mamin, C. T. Rettner, D. Ru-
gar, Nanoscale magnetic resonance imaging, Proceedings of the
National Academy of Sciences 106 (2009) 1313–1317. doi:
10.1073/pnas.0812068106.
[8] L. Embon, Y. Anahory, A. Suhov, D. Halbertal, J. Cuppens,
13
Figure 9: NMR imaging with the NV center in diamond: (a) Signal from 19F nuclear spin density in the fluorinated sample (PFOS/POSF) within
∼ 20 nm of the surface. Color indicates NMR contrast, with blue representing a deep 19F NMR contrast dip and hence high fluorine concentration
while red represents no 19F NMR signal. This measurement was taken by an ensemble of NVs, see Ref. 58. (b) NV NMR spectra for two points
(A and B) of the image in (a), fit with Lorentzian curves. (c) A calibration grating is engraved into a sample of 19F-rich Teflon AF (green sphere).
(d) 19F NMR image, taken in a single-NV scanning probe technique, Ref. 59.
A. Yakovenko, A. Uri, Y. Myasoedov, M. L. Rappaport, M. E.
Huber, A. Gurevich, E. Zeldov, Probing dynamics and pinning
of single vortices in superconductors at nanometer scales, Sci.
Rep. 5 (2015) 7598. doi:10.1038/srep07598.
[9] A. O. Sushkov, I. Lovchinsky, N. Chisholm, R. L. Walsworth,
H. Park, M. D. Lukin, Magnetic resonance detection of individ-
ual proton spins using quantum reporters, Phys. Rev. Lett. 113
(2014) 197601. doi:10.1103/PhysRevLett.113.197601.
[10] J. Wrachtrup, C. von Borczyskowski, J. Bernard, M. Orritt,
R. Brown, Optical detection of magnetic resonance in a sin-
gle molecule, Nature 363 (1993) 244–245. doi:10.1038/
363244a0.
[11] J. Wrachtrup, C. von Borczyskowski, J. Bernard, M. Or-
rit, R. Brown, Optically detected spin coherence of single
molecules, Phys. Rev. Lett. 71 (1993) 3565–3568. doi:10.
1103/PhysRevLett.71.3565.
[12] J. Wrachtrup, C. von Borczyskowski, J. Bernard, R. Brown,
M. Orrit, Hahn echo experiments on a single triplet electron
spin, Chem. Phys. Lett. 245 (1995) 262–267. doi:10.1016/
0009-2614(95)00983-B.
[13] J. Wrachtrup, Optically detected magnetic resonance imaging of
single molecules (Sep. 1996).
[14] J. Berezovsky, M. H. Mikkelsen, O. Gywat, N. G. Stoltz, L. A.
Coldren, D. D. Awschalom, Nondestructive optical measure-
ments of a single electron spin in a quantum dot, Science 314
(2006) 1916–1920. doi:10.1126/science.1133862.
[15] A. Gruber, A. Dra¨benstedt, C. Tietz, L. Fleury, J. Wrachtrup,
C. v. Borczyskowski, Scanning confocal optical microscopy and
magnetic resonance on single defect centers, Science 276 (1997)
2012–2014. doi:10.1126/science.276.5321.2012.
[16] R. Kolesov, K. Xia, R. Reuter, R. Sto¨hr, A. Zappe, J. Meijer,
P. R. Hemmer, J. Wrachtrup, Optical detection of a single rare-
earth ion in a crystal, Nat. Commun. 3 (2012) 1029. doi:10.
1038/ncomms2034.
[17] J. Wrachtrup, F. Jelezko, Processing quantum information in di-
amond, Journal of Physics: Condensed Matter 18 (2006) S807–
S824. doi:10.1088/0953-8984/18/21/S08.
[18] F. Jelezko, J. Wrachtrup, Single defect centres in diamond:
A review, physica status solidi (a) 203 (2006) 3207. doi:
10.1002/pssa.200671403.
[19] S. A. Momenzadeh, R. J. Sto¨hr, F. F. de Oliveira, A. Brunner,
A. Denisenko, S. Yang, F. Reinhard, J. Wrachtrup, Nanoengi-
neered diamond waveguide as a robust bright platform for nano-
magnetometry using shallow nitrogen vacancy centers, Nano
Lett. 15 (2014) 165–169. doi:10.1021/nl503326t.
[20] J. Shields, B. P. Unterreithmeier, Q. P. de Leon, N. H. Park,
D. Lukin, M. Efficient readout of a single spin state in dia-
mond via spin-to-charge conversion, Phys. Rev. Lett. 114 (2015)
136402. doi:10.1103/PhysRevLett.114.136402.
[21] P. Neumann, J. Beck, M. Steiner, F. Rempp, H. Fedder, P. R.
Hemmer, J. Wrachtrup, F. Jelezko, Single-shot readout of a
single nuclear spin, Science 329 (2010) 542. doi:10.1126/
science.1189075.
[22] I. Lovchinsky, A. O. Sushkov, E. Urbach, N. P. de Leon, S. Choi,
14
K. De Greve, R. Evans, R. Gertner, E. Bersin, C. Mu¨ller,
L. McGuinness, F. Jelezko, R. L. Walsworth, H. Park, M. D.
Lukin, Nuclear magnetic resonance detection and spectroscopy
of single proteins using quantum logic, Science 351 (2016) 836–
841. doi:10.1126/science.aad8022.
[23] J. M. Taylor, P. Cappellaro, L. Childress, L. Jiang, D. Budker,
P. R. Hemmer, A. Yacoby, R. Walsworth, M. D. Lukin, High-
sensitivity diamond magnetometer with nanoscale resolution,
Nat. Phys. 4 (2008) 810–816. doi:10.1038/nphys1075.
[24] M. Markham, J. Dodson, G. Scarsbrook, D. Twitchen, G. Bal-
asubramanian, F. Jelezko, J. Wrachtrup, {CVD} diamond for
spintronics, Diamond and Related Materials 20 (2011) 134 –
139. doi:10.1016/j.diamond.2010.11.016.
[25] T. Yamamoto, T. Umeda, K. Watanabe, S. Onoda, M. L.
Markham, D. J. Twitchen, B. Naydenov, L. P. McGuin-
ness, T. Teraji, S. Koizumi, F. Dolde, H. Fedder, J. Hon-
ert, J. Wrachtrup, T. Ohshima, F. Jelezko, J. Isoya, Extending
spin coherence times of diamond qubits by high-temperature
annealing, Phys. Rev. B 88 (2013) 075206. doi:10.1103/
PhysRevB.88.075206.
[26] L. Robledo, L. Childress, H. Bernien, B. Hensen, P. F. A.
Alkemade, R. Hanson, High-fidelity projective read-out of a
solid-state spin quantum register, Nature 477 (2011) 574–578.
doi:10.1038/nature10401.
[27] P. Neumann, I. Jakobi, F. Dolde, C. Burk, R. Reuter, G. Wald-
herr, J. Honert, T. Wolf, A. Brunner, J. H. Shim, D. Suter,
H. Sumiya, J. Isoya, J. Wrachtrup, High-precision nanoscale
temperature sensing using single defects in diamond, Nano Lett.
13 (2013) 2738–2742. doi:10.1021/nl401216y.
[28] M. W. Doherty, V. V. Struzhkin, D. A. Simpson, L. P. McGuin-
ness, Y. Meng, A. Stacey, T. J. Karle, R. J. Hemley, N. B.
Manson, L. C. L. Hollenberg, S. Prawer, Electronic proper-
ties and metrology applications of the diamond NV− center
under pressure, Phys. Rev. Lett. 112 (2014) 047601. doi:
10.1103/PhysRevLett.112.047601.
[29] F. Dolde, M. W. Doherty, J. Michl, I. Jakobi, B. Naydenov,
S. Pezzagna, J. Meijer, P. Neumann, F. Jelezko, N. B. Man-
son, J. Wrachtrup, Nanoscale detection of a single fundamen-
tal charge in ambient conditions using the NV− center in di-
amond, Phys. Rev. Lett. 112 (2014) 097603. doi:10.1103/
PhysRevLett.112.097603.
[30] T. Wolf, P. Neumann, K. Nakamura, H. Sumiya, T. Ohshima,
J. Isoya, J. Wrachtrup, A subpicotesla diamond magnetometer,
Phys. Rev. X 5 (2015) 041001. doi:10.1103/PhysRevX.5.
041001.
[31] C. L. Degen, M. Poggio, H. J. Mamin, D. Rugar, Role of
spin noise in the detection of nanoscale ensembles of nuclear
spins, Phys. Rev. Lett. 99 (2007) 250601. doi:10.1103/
PhysRevLett.99.250601.
[32] L. Cywin´ski, R. M. Lutchyn, C. P. Nave, S. Das Sarma, How to
enhance dephasing time in superconducting qubits, Phys. Rev.
B 77 (2008) 174509. doi:10.1103/PhysRevB.77.174509.
[33] G. de Lange, Z. H. Wang, D. Riste´, V. V. Dobrovitski, R. Han-
son, Universal dynamical decoupling of a single solid-state spin
from a spin bath, Science 330 (2010) 60–63. doi:10.1126/
science.1192739.
[34] E. Scha¨fer-Nolte, L. Schlipf, M. Ternes, F. Reinhard, K. Kern,
J. Wrachtrup, Tracking temperature dependent relaxation times
of individual ferritin nanomagnets with a wide-band quantum
spectrometer, Phys. Rev. Lett. 113 (2014) 217204. doi:10.
1103/PhysRevLett.113.217204.
[35] S. Steinert, F. Ziem, L. T. Hall, A. Zappe, M. Schweik-
ert, N. Go¨tz, A. Aird, G. Balasubramanian, L. Hollenberg,
J. Wrachtrup, Magnetic spin imaging under ambient condi-
tions with sub-cellular resolution, Nat. Commun. 4 (2013) 1607.
doi:10.1038/ncomms2588.
[36] L. Luan, M. S. Grinolds, S. Hong, P. Maletinsky, R. L.
Walsworth, A. Yacoby, Decoherence imaging of spin ensembles
using a scanning single-electron spin in diamond, Sci. Rep. 5
(2015) 8119. doi:10.1038/srep08119.
[37] B. Grotz, J. Beck, P. Neumann, B. Naydenov, R. Reuter, F. Rein-
hard, F. Jelezko, J. Wrachtrup, D. Schweinfurth, B. Sarkar,
P. Hemmer, Sensing external spins with nitrogen-vacancy di-
amond, New J. Phys. 13 (2011) 055004. doi:10.1088/
1367-2630/13/5/055004.
[38] H. J. Mamin, M. H. Sherwood, D. Rugar, Detecting external
electron spins using nitrogen-vacancy centers, Phys. Rev. B 86
(2012) 195422. doi:10.1103/PhysRevB.86.195422.
[39] F. Shi, Q. Zhang, B. Naydenov, F. Jelezko, J. Du, F. Reinhard,
J. Wrachtrup, Quantum logic readout and cooling of a single
dark electron spin, Phys. Rev. B 87 (2013) 195414. doi:10.
1103/PhysRevB.87.195414.
[40] M. S. Grinolds, M. Warner, K. D. Greve, Y. Dovzhenko,
L. Thiel, R. L. Walsworth, S. Hong, P. Maletinsky, A. Yacoby,
Subnanometre resolution in three-dimensional magnetic reso-
nance imaging of individual dark spins, Nat. Nanotech. 9 (2014)
279–284. doi:10.1038/nnano.2014.30.
[41] F. Shi, Q. Zhang, P. Wang, H. Sun, J. Wang, X. Rong,
M. Chen, C. Ju, F. Reinhard, H. Chen, J. Wrachtrup, J. Wang,
J. Du, Single-protein spin resonance spectroscopy under ambi-
ent conditions, Science 347 (2015) 1135–1138. doi:10.1126/
science.aaa2253.
[42] H. J. Mamin, T. H. Oosterkamp, M. Poggio, C. L. Degen, C. T.
Rettner, D. Rugar, Isotope-selective detection and imaging of
organic nanolayers, Nano Lett. 9 (2009) 3020–3024. doi:10.
1021/nl901466p.
[43] A. Laraoui, J. S. Hodges, C. A. Meriles, Magnetometry of ran-
dom ac magnetic fields using a single nitrogen-vacancy cen-
ter, Appl. Phys. Lett. 97 (2010) 143104. doi:10.1063/1.
3497004.
[44] T. H. Taminiau, J. J. T. Wagenaar, T. van der Sar, F. Jelezko,
V. V. Dobrovitski, R. Hanson, Detection and control of individ-
ual nuclear spins using a weakly coupled electron spin, Phys.
Rev. Lett. 109 (2012) 137602. doi:10.1103/physrevlett.
109.137602.
[45] A. Laraoui, F. Dolde, C. Burk, F. Reinhard, J. Wrachtrup, C. A.
Meriles, High-resolution correlation spectroscopy of 13C spins
near a nitrogen-vacancy centre in diamond, Nat. Commun. 4
(2013) 1651. doi:10.1038/ncomms2685.
[46] T. Staudacher, F. Shi, S. Pezzagna, J. Meijer, J. Du, C. A. Mer-
iles, F. Reinhard, J. Wrachtrup, Nuclear magnetic resonance
spectroscopy on a (5-nanometer)3 sample volume, Science 339
(2013) 561–563. doi:10.1126/science.1231675.
[47] H. J. Mamin, M. Kim, M. H. Sherwood, C. T. Rettner, K. Ohno,
D. D. Awschalom, D. Rugar, Nanoscale nuclear magnetic reso-
nance with a nitrogen-vacancy spin sensor, Science 339 (2013)
557–560. doi:10.1126/science.1231540.
[48] C. A. Meriles, L. Jiang, G. Goldstein, J. S. Hodges, J. Maze,
M. D. Lukin, P. Cappellaro, Imaging mesoscopic nuclear spin
noise with a diamond magnetometer, J. Chem. Phys. 133 (2010)
124105. doi:10.1063/1.3483676.
[49] M. Loretz, J. M. Boss, T. Rosskopf, H. J. Mamin, D. Ru-
gar, C. L. Degen, Spurious harmonic response of multipulse
quantum sensing sequences, Phys. Rev. X 5 (2015) 021009.
doi:10.1103/PhysRevX.5.021009.
[50] L. Jiang, J. S. Hodges, J. R. Maze, P. Maurer, J. M. Taylor, D. G.
Cory, P. R. Hemmer, R. L. Walsworth, A. Yacoby, A. S. Zibrov,
M. D. Lukin, Repetitive readout of a single electronic spin via
quantum logic with nuclear spin ancillae, Science 326 (2009)
267–272. doi:10.1126/science.1176496.
15
[51] T. Staudacher, N. Raatz, S. Pezzagna, J. Meijer, F. Reinhard,
C. A. Meriles, J. Wrachtrup, Probing molecular dynamics at the
nanoscale via an individual paramagnetic centre, Nat. Commun.
6 (2015) 8527. doi:10.1038/ncomms9527.
[52] X. Kong, A. Stark, J. Du, L. P. McGuinness, F. Jelezko, Towards
chemical structure resolution with nanoscale nuclear magnetic
resonance spectroscopy, Phys. Rev. Appl. 4 (2015) 024004.
doi:10.1103/physrevapplied.4.024004.
[53] J. M. Boss, K. Chang, J. Armijo, K. Cujia, T. Rosskopf, J. R.
Maze, C. L. Degen, One- and two-dimensional nuclear magnetic
resonance spectroscopy with a diamond quantum sensor, Phys.
Rev. Lett. 116 (2016) 197601. doi:10.1103/PhysRevLett.
116.197601.
[54] W. P. Aue, E. Bartholdi, R. R. Ernst, Two-dimensional spec-
troscopy. Application to nuclear magnetic resonance, J. Chem.
Phys. 64 (1976) 2229–2246. doi:10.1063/1.432450.
[55] C. Mu¨ller, X. Kong, J.-M. Cai, K. Melentijevic´, A. Stacey,
M. Markham, D. Twitchen, J. Isoya, S. Pezzagna, J. Mei-
jer, J. F. Du, M. B. Plenio, B. Naydenov, L. P. McGuinness,
F. Jelezko, Nuclear magnetic resonance spectroscopy with sin-
gle spin sensitivity, Nat. Commun. 5 (2014) 4703. doi:10.
1038/ncomms5703.
[56] D. D. Awschalom, J. R. Rozen, M. B. Ketchen, W. J. Gal-
lagher, A. W. Kleinsasser, R. L. Sandstrom, B. Bumble, Low
noise modular microsusceptometer using nearly quantum lim-
ited dc SQUIDs, Appl. Phys. Lett. 53 (1988) 2108–2110. doi:
10.1063/1.100291.
[57] M. S. Grinolds, S. Hong, P. Maletinsky, L. Luan, M. D. Lukin,
R. L. Walsworth, A. Yacoby, Nanoscale magnetic imaging of
a single electron spin under ambient conditions, Nat. Phys. 9
(2013) 215–219. doi:10.1038/nphys2543.
[58] S. J. DeVience, L. M. Pham, I. Lovchinsky, A. O. Sushkov,
N. Bar-Gill, C. Belthangady, F. Casola, M. Corbett, H. Zhang,
M. Lukin, H. Park, A. Yacoby, R. L. Walsworth, Nanoscale
NMR spectroscopy and imaging of multiple nuclear species,
Nat. Nanotech. 10 (2015) 129–134. doi:10.1038/nnano.
2014.313.
[59] T. Ha¨berle, D. Schmid-Lorch, F. Reinhard, J. Wrachtrup,
Nanoscale nuclear magnetic imaging with chemical contrast,
Nat. Nanotech. 10 (2015) 125–128. doi:10.1038/nnano.
2014.299.
[60] D. Rugar, H. J. Mamin, M. H. Sherwood, M. Kim, C. T. Ret-
tner, K. Ohno, D. D. Awschalom, Proton magnetic resonance
imaging using a nitrogen-vacancy spin sensor, Nat. Nanotech.
10 (2015) 120–124. doi:10.1038/nnano.2014.288.
[61] T. Unden, P. Balasubramanian, D. Louzon, Y. Vinkler, M. B.
Plenio, M. Markham, D. Twitchen, A. Stacey, I. Lovchin-
sky, A. O. Sushkov, M. D. Lukin, A. Retzker, B. Naydenov,
L. P. McGuinness, F. Jelezko, Quantum metrology enhanced by
repetitive quantum error correction, Phys. Rev. Lett. 116 (2016)
230502. doi:10.1103/PhysRevLett.116.230502.
[62] S. Zaiser, T. Rendler, I. Jakobi, T. Wolf, S.-Y. Lee, S. Wagner,
P. Neumann, J. Wrachtrup, Enhancing quantum sensing sensi-
tivity and spectral resolution by a quantum memory, Nat. Com-
mun., in press.
[63] M. Pfender, N. Aslam, P. Neumann, J. Wrachtrup, in prepara-
tion.
[64] T. Rosskopf, J. Boss, C. L. Degen, in preparation.
[65] J. R. Weber, W. F. Koehl, J. B. Varley, A. Janotti, B. B. Buckley,
C. G. Van de Walle, D. D. Awschalom, Quantum computing
with defects, Proc. N 107 (2010) 8513–8518. doi:10.1073/
pnas.1003052107.
[66] W. F. Koehl, B. B. Buckley, F. J. Heremans, G. Calusine, D. D.
Awschalom, Room temperature coherent control of defect spin
qubits in silicon carbide, Nature 479 (2011) 84–87. doi:10.
1038/nature10562.
[67] M. Widmann, S.-Y. Lee, T. Rendler, N. T. Son, H. Fedder,
S. Paik, L.-P. Yang, N. Zhao, S. Yang, I. Booker, A. Denisenko,
M. Jamali, S. A. Momenzadeh, I. Gerhardt, T. Ohshima, A. Gali,
E. Janze´n, J. Wrachtrup, Coherent control of single spins in sil-
icon carbide at room temperature, Nat. Mater. 14 (2014) 164–
168. doi:10.1038/nmat4145.
[68] N. Zhao, J. Honert, B. Schmid, M. Klas, J. Isoya, M. Markham,
D. Twitchen, F. Jelezko, R.-B. Liu, H. Fedder, J. Wrachtrup,
Sensing single remote nuclear spins, Nat. Nanotech. 7 (2012)
657–662. doi:10.1038/nnano.2012.152.
16
